Aims/hypothesis Screening high-risk individuals for gestational diabetes mellitus (GDM) in early pregnancy conventionally relies on established maternal risk factors; however, the sensitivity and specificity of these factors are not satisfactory. The present study aimed to determine whether the concentration of angiopoietin-like protein 8 (ANGPTL8), either alone or combined with other risk factors in early pregnancy, could be used to predict subsequent GDM. Methods From August 2015 to January 2016, 474 women receiving prenatal care at around 12-16 weeks of gestation were recruited into the study. ANGPTL8 levels were measured at the first prenatal visit. All the participants received a 75 g OGTT during weeks 24-28 of gestation. Results ANGPTL8 levels in early pregnancy were considerably higher in women who developed GDM than those who maintained normal glucose tolerance (2822 ± 938 vs 2120 ± 1118 pg/ml, respectively; p < 0.0001). Multivariable logistic regression revealed that ANGPTL8 levels were significantly associated with risk of GDM independent of conventional risk factors. In addition, women in the highest quartile of ANGPTL8 concentration had an 8.75-fold higher risk of developing GDM compared with women in the lowest quartile (OR8.75, 95%CI 2.43, 31.58). More importantly, incorporating ANGPTL8 into the conventional prediction model significantly increased the AUC for prediction of GDM (0.772vs 0.725; p = 0.019). Conclusions Our study suggests that ANGPTL8 levels in early pregnancy are significantly and independently associated with risk of GDM at 24-28 weeks of gestation. Combining ANGPTL8 levels with conventional risk factors could thus improve the prediction of GDM.
Introduction
The last decade witnessed a dramatic increase in the prevalence of gestational diabetes mellitus (GDM), especially after new diagnostic criteria from the International Association of the Diabetes and Pregnancy Study Groups (IADPSG) were adopted [1] . In 2013, a large-scale study applying the new criteria reported that the prevalence of GDM in China was 17.5% [2] .GDM not only produces early complications, but can also have long-term adverse effects on both mothers and their offspring. A meta-analysis of studies examining women from 6 weeks to 28 years postpartum indicated that the cumulative incidence of postpartum diabetes ranged from 2.6% (6 weeks postpartum) to over 70% (28 years postpartum) [3] , which implies that the majority of women with GDM would develop type 2 diabetes if the follow-up period was long enough. Additionally, maternal hyperglycaemia in pregnancy is independently associated with the offspring's risk of metabolic disorders including abnormal glucose tolerance, obesity and hypertension [4] [5] [6] .
Given the great harm that GDM can do to mothers and their offspring, early prevention and detection are essential. Accumulated evidence has suggested that GDM can be prevented by lifestyle interventions started in early pregnancy in high-risk women [7] [8] [9] , although some prospective studies have shown that GDM diagnosed before 12 weeks of gestation is associated with adverse pregnancy outcomes despite early testing and treatment [10, 11] . There is no consensus on the diagnostic criteria for defining early GDM. It is recommended that women at high risk of hyperglycaemia are screened in early pregnancy [1] . Conventionally, early screening for GDM in pregnancy is largely dependent on established maternal risk factors, including pregnancy age, parity, family history of diabetes, history of polycystic ovarian syndrome and BMI before pregnancy. In addition to conventional risk factors, elevated C-reactive protein [12] and leptin levels [13] and decreased adiponectin levels [14] in the first trimester have been reported to be associated with a higher risk of subsequent GDM. However, the sensitivity and specificity of a single index for predicting GDM are not satisfactory [15, 16] .
Angiopoietin-like protein 8 (ANGPTL8; also named hepatocellular carcinoma associated protein-TD26, refeeding induced fat and liver (RIFL), lipasin and betatrophin) is one of the members of ANGPTL family, implicated in lipid and glucose homeostasis [17] [18] [19] . ANGPTL8 levels are found to be higher in GDM than in normal pregnancy [20] [21] [22] . Therefore, it is important to determine whether ANGPTL8 levels in early pregnancy are related to subsequent risk of GDM. The aim of this study was to examine the ability of ANGPTL8 levels in early pregnancy to predict GDM, and to determine whether combining ANGPTL8 with conventional risk factors could enhance the predictive ability.
Methods
Population We conducted a preliminary study that recruited 100 pregnant women in early pregnancy, with 14 women eventually developing GDM. The mean ANGPTL8 levels of the two groups were 2079 ± 1035 and 3079 ± 793 pg/ml. Based on the results; we used PASS 11.0 software (www. ncss.com/download/pass/updates/pass11/) to calculate the sample size. With the level of significance set at 0.05 and the power at 0.95, the calculated sample size was 352. Assuming that 15% of participants would be lost to followup, the minimum sample size should therefore be 405.
From August 2015 to January 2016, we prospectively and consecutively recruited 474 women who were receiving prenatal care around 12-16 weeks of gestation into the present study. Women with multiple pregnancies, pre-existing diabetes, pregestational hypertension and stillbirth were excluded from the analysis. Women who had a fasting plasma glucose (FPG) level ≥7.0 mmol/l at the first prenatal visit were diagnosed as having pre-existing diabetes and were excluded from the study. All participants were administered a 75 g OGTT at 24-28 weeks of gestation. Ethical approval was granted by the ethics committee of the Second Affiliated Hospital of Soochow University. Written informed consent was obtained from each participant before enrolment.
Clinical variables and definition Maternal information including age, parity, history of macrosomia and family history of diabetes were collected at the first prenatal visit around 12-16 weeks of gestation. Body weight and height were measured in kilograms and metres, respectively, from which BMI was calculated. Fasting serum glucose, total cholesterol, triacylglycerol, aspartate aminotransferase (AST), alanine aminotransferase (ALT) and γ-glutamyl transpeptidase (GGT) were measured using an automated biochemical instrument (Cobas 8000; Roche, Basel, Switzerland). Serum ANGPTL8 levels were quantified with a commercially available ELISA kit (catalogue no. E11644h; Wuhan EIAab Science, Wuhan, China) according to the manufacturer's instructions.
Around 24-28 weeks of gestation, a 75 g OGTT was administered to all participants. After an overnight fast, venous blood samples were drawn at 0, 1 and 2 h after the 75 g glucose load. GDM was diagnosed by 75 g OGTT according to the IADPSG criteria [1] . Participants were classified as having GDM if they met one or more of the following criteria: FPG ≥ 5.1 mmol/l, 1 h plasma glucose ≥ 10.0 mmol/l or 2 h plasma glucose ≥ 8.5 mmol/l.
Statistical analysis Analyses were performed using SAS version 9.3 https://support.sas.com/documentation/installcenter/ 93/index.html). Data were presented as mean ± SD, or median (interquartile range). Fasting serum triacylglycerol, ALT, AST and GGT were logarithmically transformed (base 10) before the analyses, owing to a non-normal distribution. Comparisons between different groups were made using ANOVA or χ 2 test. Univariable and multivariable logistic regressions were used to evaluate the associations between GDM and the variables measured at the first prenatal visit. The AUC of the receiver operator characteristic (ROC) curve was computed using the predicted probability of GDM and the true status of GDM for each participant. The optimal cut-off points to predict GDM were determined by Youden's index. Two-sided p < 0.05 was considered as representing statistical significance.
Results
The general characteristics of women with normal glucose tolerance and those who developed GDM are shown in Table 1 . A total of 474 pregnant women were included in the present study, 88 of whom developed GDM, giving a prevalence of 18.6%. Women who developed GDM were older, were more likely to be hepatitis B surface antigen (HBsAg) positive and had higher BMI, GGT and FPG levels in early pregnancy, compared with those who did not develop GDM. In contrast, nulliparity, levels of triacylglycerol, total cholesterol, ALT and AST and blood pressure did not differ between the two groups. ANGPTL8 levels were significantly higher in women who developed GDM compared with those who did not (2822 ± 938 vs. 2120 ± 1118 pg/ml; p < 0.0001; Fig. 1 ). At weeks 24-28 of gestation, as expected, women who developed GDM had significantly higher values of FPG, 1hpost-load plasma glucose (PPG) and 2hPPG, as well as BMI, compared with those who did not develop GDM. In contrast, the change in BMI from early pregnancy to the second trimester did not differ between the two groups.
Age, BMI, FPG, GGT, HBsAg positivity and ANGPTL8 were related to risk of GDM using the univariable logistic Data are n (%), mean±SD or median (interquartile range)
Data were missing for family history of diabetes (n = 44), parity (n = 44), macrosomia (n = 1), BMI (n = 32), Δbody weight (n = 32), HBsAg (n = 109), total cholesterol (n = 35) or triacylglycerols (n = 35) p values for differences between two groups were obtained by ANOVA or χ 2 test
ΔBody weight, second-trimester body weight minus first-trimester body weight; ΔBMI, the second-trimester BMI minus the first-trimester BMI regression model (Table 2 ). After including these variables in the same model, age, FPG and ANGPTL8 level were still independently associated with risk of GDM, while BMI, GGT and HBsAg positivity were no longer related ( Table 2 ).
The relationship between ANGPTL8 level and risk of GDM was further explored in different logistic regression models. The total population was divided into four groups according to ANGPTL8 level. Compared with a reference group of women in the lowest quartile of ANGPTL8 (<1454 pg/ml), women in quartile 3 (2201-2870 pg/ml) and quartile 4 (>2870 pg/ml) had a substantially higher risk of GDM (Table 3) . After adjusting forage, parity, history of macrosomia, family history of diabetes, BMI, GGT, HBsAg, and FPG in early pregnancy, women in quartiles 3 and 4 still had a 4.92-fold (OR4.92, 95%CI 1.33, 18.21) and 8.75-fold (OR8.75, 95%CI 2.43, 31.58), respectively, higher risk of developing GDM.
To explore the predictive ability of conventional risk factors and ANGPTL8 level in early pregnancy, ROC curve analyses were performed (Fig. 2) . The AUC for ANGPTL8 was 0.706 and was significantly greater than those for BMI, positive HBsAg and GGT (p = 0.028, p < 0.0001 and p = 0.015, respectively; see electronic supplementary material [ESM] Table 1 ). Although the AUC of ANGPTL8 was also greater than those forage and FPG; the difference did not reach statistical significance. The optimal cut-off point of ANGPTL8 for predicting GDM was 2792.33 pg/ml, with a sensitivity of 54.55%, specificity of 79.27%, positive predictive value of 37.5% and negative predictive value of 88.4%. Prediction models incorporating clinical and biochemical risk factors were further analysed. In model 1, the conventional risk factors of age, parity, family history of diabetes, history of macrosomia, and BMI, GGT, HBsAg and FPG in early pregnancy were included. The AUC for the conventional model was 0.725 (95% CI 0.651, 0.799). Introducing ANGPTL8 into the model statistically significantly increased the AUC to 0.772 (95% CI 0.703, 0.841; p = 0.019).
Discussion
Our study showed that ANGPTL8 levels in early pregnancy were significantly associated with risk of subsequent GDM in weeks 24-28 of gestation, independently of conventional risk factors including maternal age, BMI, GGT, positive HBsAg and FPG levels in early pregnancy. In addition, ANGPTL8 had a greater AUC for predicting GDM than maternal BMI, GGT and positive HBsAg. More importantly, our results suggested that incorporating ANGPTL8 into the prediction model including conventional risk factors could significantly improve the ability to predict future GDM.
A75g OGTT performed during the late second trimester is currently regarded as the gold standard of GDM diagnosis, which may expose the infant to adverse intrauterine circumstances for too long. Hence there is a definite need to predict and detect GDM earlier in pregnancy in order to limit the harm that hyperglycaemia can do to the mother and her offspring. The performance of screening strategies based on conventional risk factors has been examined in many studies, but the sensitivity and specificity have not been shown to be satisfactory Fig. 1 ANGPTL8 levels in women with normal glucose tolerance (NGT) and women who developed GDM. ANGPTL8 levels were significantly higher in women who developed GDM than in those who did not (p < 0.0001) ORs indicate the relative increased risk of GDM with each change in SD (for age, BMI, FPG, log 10 GGT and ANGPTL8), or for a positive HBsAg. In multivariable regression analysis, these six variables were included in the same model [12, 13, 23, 24] . Among conventional risk factors, FPG is most commonly measured in early pregnancy. In a large Chinese population, FPG levels at the first prenatal visit were found to be positively associated with risk of GDM diagnosed at 24-28 weeks [25] . Nevertheless, other studies have reported that FPG has poor sensitivity and specificity as a screening test in early pregnancy [23] . In our study, FPG in early pregnancy was independently associated with incidence of GDM. However, in line with the previous studies, the ability to predict GDM using FPG alone is limited, with an AUC of 0.646. Although many studies have demonstrated that increasing maternal BMI is a significant risk factor for the development of GDM [26, 27] , a large sample study concluded that there was inadequate evidence to support the use of BMI alone to screen for GDM in early pregnancy [24] . In accordance with that study, we found that BMI in early pregnancy was inferior to FPG and ANGPTL8 in predicting GDM.
As the predictive performance of conventional risk factors to predict GDM is limited, more attention was paid here to other biomarkers. ANGPTL family members have been shown to play a major role in obesity and metabolic diseases [28, 29] . It is well recognised that ANGPTL8 can act as a lipid regulator by inhibiting lipoprotein lipase activity, either directly or indirectly by promoting cleavage of ANGPTL3 [30, 31] . A recent animal study suggested that inhibition of ANGPTL8 might provide a new therapy for the treatment of dyslipidaemia, with beneficial effects on body weight [32] . Clinical epidemiological studies have provided abundant evidence regarding the associations between ANGPTL8 and metabolic diseases including diabetes [19, 33] , hypertension [34] , dyslipidaemia [17, 18] and the metabolic syndrome [35] , as well as GDM [20] [21] [22] . In order to exclude the potential effect of blood pressure on ANGPTL8, we excluded participants with prehypertension (high normal blood pressure: systolic blood pressure [SBP] 120-139 mmHg or diastolic blood pressure [DBP] 80-89 mmHg) from the present study. In case-control studies, participants who developed GDM had significantly higher levels of ANGPTL8 than healthy pregnant women [20, 22] . Although ANGPTL8 levels change dramatically during pregnancy, no study has evaluated the role of ANGPTL8 in early pregnancy in predicting GDM. To the best of our knowledge, our study has reported for the first time that ANGPTL8 levels in early pregnancy are positively and significantly associated with risk of subsequent GDM.
Some researchers argue that relying solely on conventional risk factors is unsatisfactory for predicting GDM; combining new biomarkers into a conventional predictive model may improve the prediction of GDM [36, 37] . Maitland and colleagues reported that introducing adiponectin, measured early in the second trimester, into the model based on routinely measured clinical factors significantly increased predictive ability [36] . Our study demonstrated that ANGPTL8, by itself, showed poor sensitivity for later GDM; however, adding ANGPTL8 to the model based on conventional risk factors in early pregnancy increased the ability to predict GDM.
The potential pathophysiological mechanism linking ANGPTL8 to GDM is not established. Ebert et al found that, during normal pregnancy, maternal ANGPTL8 levels were significantly higher than in the non-pregnant state, and they decreased in postpartum period [20] . The dynamic change in ANGPTL8 levels indicated that ANGPTL8 might participate in maintaining normal pregnancy. Moreover, ANGPTL8 levels have been found to be higher in umbilical cord blood than maternal serum [21] , which suggests a potential role of ANGPTL8 in fetal growth and development. ANGPTL8 might thus offer us new insights into the physiology of normal pregnancy and the pathophysiology of GDM.
Some limitations of the present study should be noted. First, at the first prenatal visit, we did not perform a 75 g OGTT or measure HbA 1c ; although we excluded women with an FPG ≥7.0 mmol/l, women with higher PPG but normal FPG levels might be misclassified as having normal glucose regulation. Second, the study was also limited by the lack of data on insulin levels; therefore we were unable to assess whether the ability of ANGPTL8 to predict GDM was mediated by insulin resistance or whether ANGPTL8 was merely a biomarker of insulin resistance. Although some researchers have found that ANGPTL8 can promote the suppression of key enzymes involved in gluconeogenic pathways and improving insulin resistance [38] , some clinical studies have demonstrated that the associations between ANGPTL8 levels and metabolic diseases were independent of insulin resistance [18, 35, 39] . Consistent with the studies performed in the general population, the association between ANGPTL8 and GDM still persisted after controlling for HOMA-IR in pregnant women [40] . Third, information on diet and physical activity was also lacking, and therefore we were not able to evaluate the effects of lifestyle change on risk of GDM.
Finally, although the ELISA kit for ANGPTL8 is now commercially available and inexpensive, the normal range of ANGPTL8 levels should be defined for future clinical application, so a large population sample is needed to do this.
In conclusion, the present study suggested that ANGPTL8 levels in early pregnancy were significantly and independently predictive of GDM in weeks 24-28 of gestation, and that combining ANGPTL8 levels with conventional risk factors for GDM could improve predictive performance.
